As a leading pathogen, Edwardsiella piscicida can cause hemorrhagic septicemia in fish and gastro-intestinal infections in humans. The two-component regulatory system EsrA-EsrB plays essential roles in pathogenesis through the type III and type VI secretion systems, and hemolysin production in E. piscicida. It is unclear whether other virulence-or stress response-associated genes are regulated by EsrA-EsrB. In this study, the proteomes of wild-type E. piscicida EIB202 and esrB mutant strains were compared to reveal EsrB regulon components after growth in Luria-Bertani broth (LB). Overall, the expression levels of nine genes exhibited significant changes, and five of them required the presence of EsrB, while others exhibited higher levels in the esrB mutant. The diverse functions of these proteins were identified, including amino acid metabolism, oxidative stress defense and energy production. Interestingly, superoxidase dismutase and thiol peroxidase were the most significantly down-regulated by EsrB. Furthermore, other reported reactive oxygen species (ROS) resistance-related genes were also down-regulated by EsrB as revealed by quantitative real-time. Compared with the wild-type and the complement strain esrB + , esrB displayed a significantly enhanced ROS resistance. These results demonstrated that EsrB plays important roles in the ROS resistance pathway in E. piscicida grown in LB conditions.
INTRODUCTION
The Gram-negative bacterium Edwardsiella piscicida (a newly described Edwardsiella species) (Abayneh, Colquhoun and Sørum 2013; Griffin et al. 2014; Shao et al. 2015) , a member of the Enterobacteriaceae family, has a broad range of hosts including fish and humans (Abbott and Janda 2006) . It is associated with many diseases like gastroenteritis, liver abscess, septicemia, meningitis, etc. (Mohanty and Sahoo 2007) . Increasing outbreaks of E. piscicida-associated edwardsiellosis in various species of fishes have caused huge losses to freshwater and marine aquaculture industries worldwide (Park, Aoki and Jung 2012) .
Two-component systems (TCSs) are essential bacterial signaling systems to sense and respond to environmental and host stress cues. In Salmonella enterica, the two-component regulatory system SsrA-SsrB encoded in the SPI-2 locus is essential for gene expression of SPI-2 (Yoon et al. 2009 ). During the process of invasion, SsrA-SsrB is activated via phosphorylation relay and triggers the expression of specific virulence genes. It has been reported that SsrB not only regulates the SPI-2 genes, but is also involved in the expression of other virulence genes such as PagC and SodC1 (Brown et al. 2014) . It is likely that the SsrA-SsrB TCS became an indispensable component only during the long evolution of Salmonella enterica (Ochman and Groisman 1996) .
In a systematic analysis of TCS mutants in E. piscicida EIB202 (Wang et al. 2009a; Yang et al. 2012; Abayneh, Colquhoun and Sørum 2013; Shao et al. 2015) , EsrA-EsrB, the homolog of SsrASsrB, was identified as a global regulator (Wang et al. 2010; Lv et al. 2012) . Compared with the wild-type, esrA and esrB mutants display higher adherence and internalization ratios but lower virulence to epithelial cells and fish. The type III (T3SS) and type VI (T6SS) secretion systems are found to be regulated by EsrB (Wang et al. 2009b; Leung et al. 2012; Park, Aoki and Jung 2012) . Although other virulence factors, e.g. hemolysin EthA, are reported to be regulated by EsrB (Wang et al. 2010) , its detailed function is still unclear. Furthermore, the significantly attenuated virulence found for an esrB mutant suggests that it might be a potential target for vaccine development (Mo et al. 2007) . Therefore, a systematic study of EsrA-EsrB will provide useful information to facilitate the understanding of the pathogenesis of E. piscicida and development of vaccines against edwardsiellosis.
In this study, 2D-gel analysis was used to identify genes regulated by EsrA-EsrB; two EsrB-regulated reactive oxygen species (ROS)-related genes were identified. We further investigated EsrB control of the expression of ROS-related genes and ROS responses in E. piscicida. This work advances the understanding of the environmental adaptation and pathogenesis of E. piscicida.
MATERIALS AND METHODS

Bacterial strains and culture conditions
The bacterial strains and plasmids used in this study are listed in Table 1 . luxAB reporter gene from Vibrio harveyi (Sévigny and Gossard 1990 ) was fused to the esrB promoter region and then cloned into plasmid pUTat by Gibson Assembly Cloning (Gibson et al. 2009 ) to generate the recombinant reporter plasmid (Table 1) . The reporter strains (WT-PesrB-luxAB or WT-luxAB) and other strains, sodB over-expression strain (sodB-OVER), Flagtagged sodB expression reporter strains (WT-sodB-flag and esrBsodB-flag) (Table 1) were constructed following the procedures as described previously (Yang et al. 2015; Gu et al. 2016) . The reporter strain esrB + -sodB-flag was constructed based on the esrB + which fused the sodB-flag to the C-terminal of esrB on the pUTatesrB. All the primers used in the construction are listed in Table 2 . For routine cultures, strains were grown in Luria-Bertani broth (LB) (Becton Dickinson, Sparks, MD, USA), Dulbecco's modified Eagle's medium (DMEM) (Invitrogen, Grand Island, NY, USA) or on LB agar at 28
• C (E. piscicida) or 37
• C (Escherichia coli). To prepare bacteria for proteomic analysis, wild-type E. piscicida EIB202 and esrB were grown in 100 ml of LB broth at 28
• C for 24 h. When required, antibiotics were added at the following final concentrations: ampicillin (Amp), 100 μg ml −1 ; polymyxin B (Col), 10 μg ml −1 . Reporter strains construction
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Identification of proteins regulated by EsrB with two-dimensional gel electrophoresis
EIB202 and esrB were static cultured in LB broth at 28
The whole-cell lysated protein isolation and two-dimensional gel electrophoresis (2-DE) performance was described previously (Lv et al. 2013; Wang et al. 2013) . The matrix-assisted laser desorption/ionization time-of-flight/time-of-flight tandem mass (MALDI-TOF/TOF) spectrometry was performed as described previously (Lv et al. 2013) . Each sample had three separate gels to analyze at the same time.
ROS resistance assay
For the drop plate count experiment, 10 μl of overnight cultures were dropped onto LB plates containing 0.5 mM H 2 O 2 , and incubated at 28
• C for 24 h. For the coated plate count experiment, overnight cultures were diluted to 10 9 cells ml
and inoculated in LB medium supplemented with 10 mM H 2 O 2 (Xiao et al. 2009) . After 1 h, aliquots were taken to determine the survival rate by plate counts after dilution.
Gene expression analysis by quantitative real-time PCR
Quantitative real-time PCR (qRT-PCR) with primers within each gene (Table 2 ) was performed as described previously (Lv et al. 2013) . The comparative C T (2 − CT ) method (Livak and Schmittgen 2001) was used to perform the relative quantification, with the gyrB gene as an internal control for each strain.
Western blot analysis
WT-sodB-flag, esrB-sodB-flag and esrB + -sodB-flag were statically cultured in 50 ml LB at 28
• C for 24 h. The western blot was performed as described previously (Yang et al. 2015) .
Statistics
GraphPad Prism (version 5.01; GraphPad Software, Inc., La Jolla, CA, USA) was used to perform the statistical analyses. To compare gene expression or densitometric reads between the groups, a two-tailed Student's unpaired t-test was used. A value of P < 0.05 was considered significant. 
RESULTS
Expression of esrB under various conditions
EsrB is activated when E. piscicida (formerly E. tarda) cells are static cultured in DMEM (Wang et al. 2009b; Leung et al. 2012) . However, no reports are available about whether EsrB is expressed and functional when cultured in other conditions, such as LB broth with or without shaking. In order to analyze the expression level of esrB in LB, WT-PesrB-luxAB and WT-luxAB were constructed (Table 1 ). The two strains were grown in LB or DMEM, under shaking or statically at 28
• C for 24 h, and viable count and fluorescence level were measured for both strains every 2 h ( Fig. 1A and B) . Compared to the negative control (WTluxAB) with absolute fluorescence reads of ∼50-80 units (data not shown), the WT-PesrB-luxAB displayed extremely high fluorescence (over ∼10 3 units) after 3 h of incubation in all the culture conditions, i.e. DMEM or LB with or without shaking, suggesting strong induction (over ∼1000-fold) of esrB in these conditions in EIB202. Fluorescence levels of the reporter strain grown in LB with or without shaking were markedly lower than those of the strain correspondingly grown in DMEM, which indicates a lower expression level of EsrB when EIB202 cells are grown in LB. Meanwhile, the fluorescence levels of statically grown cells were higher than those grown in both media with shaking. Moreover, the growth rate of EIB202 in LB was lower than that in DMEM (Fig. 1A) . Taken together, these results suggested that EsrB could be expressed in LB at lower levels compared to those in DMEM.
Comparative proteome analysis for EIB202 and esrB
As the comparative proteome in DMEM for E. piscicida had previously been performed (Srinivasa Rao et al. 2004 ), here we investigated the roles of EsrB in the gene expression in LB with a 2-DE experiment to analyze the difference between the WT and esrB proteomes in LB without shaking, which allowed for higher esrB expression (Fig. 1B) . Overall, the whole-cell proteome generating ∼1000 repeatable spots was resolved on each 2-DE gel (representative gels are shown in Fig. 2A and B) . A difference of at least 2-fold in spot intensity volume (P < 0.05) was considered as a standard to assess whether proteins were differentially expressed (Wang et al. 2013) . After being screened with the criterion, a total of nine spots showed a significantly differential expression between WT and esrB strain in LB. The majority of the observed proteins showed a down-regulated expression (n = 5), while the other four proteins showed up-regulated expression in the esrB strain in comparison with the WT strain. These spots were manually cut out of the 2-DE gels and analyzed with MS/MS. A total of nine unique proteins were identified and were classified based on their putative biological functions by COG (clusters of orthologous groups) function analysis (Wang et al. 2009a ).
OmpA, participating in cell wall/membrane/envelope biogenesis, was one of the five proteins identified with a decreased expression (∼11.2-fold) in esrB ( Fig. 2A) (Table 3 ). The Nudix hydrolase NudE, involved in replication, recombination and repair, was also dramatically down-regulated in esrB and classified as unique in WT. Moreover, a tRNA-dihydrouridine synthase (YjbN), associated with translation, ribosomal structure and biogenesis showed a decreased expression (∼2-fold) in esrB. Additionally, the heat shock protein GroEL and molecular chaperone DnaK, were also found to be down-regulated by ∼2.1-and 2.5-fold in esrB, respectively (Table 3) .
Of the four up-regulated proteins in esrB (Fig. 2B) , two proteins are associated with ROS resistance. One is a subunit of superoxide dismutase (SodB) (∼10.1-fold), the essential enzyme for the ROS resistance pathway in Edwardsiella bacterium (Xiao et al. 2009 ). Moreover, another putative ROS resistanceassociated protein, thiol peroxidase (Tpx), was also found to be up-regulated in esrB and classified as unique in esrB (Fig. 2C) . These findings suggest that EsrB has some effects on the ROS resistance of E. piscicida. The other two over-expressed proteins identified in esrB include PfkB, a 6-phosphofructokinase for carbohydrate transport and metabolism (∼2.1-fold) and a putative iron-containing alcohol dehydrogenase involved in energy production and conversion (∼2.1-fold), demonstrating that EsrB participates in a wide range of pathways in E. piscicida (Table 3) .
ROS resistance increase upon esrB deletion
According to the results of 2-DE gel analysis, some ROS response genes are regulated by EsrB when E. piscicida was cultured in LB. In our previous study, the expression of SodB was associated with the ROS tolerance of EIB202 (Xiao et al. 2009 ). The results of our 2-DE gel analysis displayed that the expression of sodB in esrB was 10.1-fold higher than that in WT cells when grown in LB. We tested the ROS resistance capabilities of esrB and WT grown on LB agar with 0.5 mM H 2 O 2 . The data indicated that esrB and Tn-esrB, in which esrB was disrupted by a transposon, were more resistant than EIB202 (Fig. 3A) . When grown under the same condition, the growth status of complement strain (esrB + ) was similar to WT, demonstrating that ROS resistance is negatively regulated by esrB (Fig. 3A) . A plate count experiment was also conducted to further validate the role played by EsrB in Table 3 . The experiments were performed in triplicates and repeated at least three times, and representative gels are shown. the ROS resistance pathway. When grown in LB, the survival ratio of esrB was significantly higher (∼4-fold) than those of WT and complement in esrB with an intact esrB gene (esrB + ) reduced the ROS resistance capacity to the WT level (Fig. 3B ). These data show that when cultured in LB, EsrB affects ROS resistance in E. piscicida possibly by down-regulating the expression of sodB.
Over-expression of sodB moderately increases ROS resistance
SodB was shown to be essential for ROS resistance in E. piscicida (Han et al. 2006) , together with other ROS resistance-related proteins such as KatB and KatG (Xiao et al. 2009 ). In order to investigate the role of EsrB in ROS resistance and the function of SodB in E. piscicida, a sodB over-expression strain (sodB-OVER) was constructed and its ROS resistance was analyzed. Interestingly, the survival ratio of sod-OVER was higher than those of WT and esrB + (∼2-fold), but lower than that of esrB (∼2-fold). Arguably, the enhanced ROS resistance of esrB is not only caused by the over-expression of sodB and there might be some other ROS resistance-related genes over-expressed in esrB (Fig. 3B) .
esrB negatively regulates the expression of KatB and KatG
qRT-PCR experiments were further performed to investigate the expression levels of SodB, KatB, KatG, SodC and Tpx in esrB. These five proteins have been implicated to be involved in ROS resistance in Edwardsiella bacteria (Xiao et al. 2009; Wang et al. 2009a) . The results indicated that the expression of these genes, with the exception of sodB, was higher in esrB than in WT cultured in LB, suggesting that ROS resistance-related proteins KatB, KatG, SodC and Tpx are over-expressed in the esrB mutant and they might have cooperative functions in contributing to the enhanced capacities in ROS resistance in esrB (Fig. 4A ). Interestingly, the transcription level of sodB showed no difference between WT and esrB (Fig. 4A) . In order to further characterize how EsrB regulates the expression of SodB, a western blot experiment was conducted to investigate the SodB expression.
The results show that the expression level of SodB in esrB is significantly higher than that in WT cells (Fig. 4B) ; these data are in agreement with the 2-DE gel results (Fig. 2) . Taken together, these data suggest that EsrB might indirectly regulate SodB expression, i.e. at a post-transcriptional or post-translational level.
DISCUSSION
Considerable efforts have been given to EsrB, a global regulator in E. piscicida, to investigate its roles in the regulation of virulence pathways (Leung et al. 2012; Lv et al. 2012; Park, Aoki and Jung 2012) . However, little is known about the functions of EsrB in the regulation of pathways beyond virulence, i.e. stress response and metabolism. In this study, a comparative proteomics method was used to resolve the differentially expressed proteins between WT and esrB cells grown in LB without shaking. According to our 2-DE gel data, nine proteins regulated by EsrB were detected to be differently expressed. These proteins are involved in a variety of processes according to COG classification, i.e. cellular processes and signaling, information storage and processing, and metabolism based on COG classification, and some of them are core-genome encoded proteins (e.g. SodB, DnaK and GroEL) (Wang et al. 2009a; Tomljenovic-Berube et al. 2010) . In addition to our previous investigation that EsrA-EsrB, along with T3SS, might be horizontally acquired by E. piscicida during evolution (Leung et al. 2012; Shao et al. 2015) , this study suggested that EsrA-EsrB regulatory cascades have also been integrated into the core-genome-dependent conserved functions, e.g. central metabolism and stress adaptation networks. SodB plays an important role in ROS resistance in E. piscicida and other bacteria (Xiao et al. 2009 ). Here we show that the expression of SodB is down-regulated by EsrB (Fig. 2) and confirm that the ROS resistance of esrB is stronger than that of WT and the complement strain esrB + (Fig. 3) . Interestingly, a SodB overexpressing strain showed even weaker ROS resistance than that of esrB (Fig. 3B) . ROS resistance might be mediated by SodB, KatG, KatB, SodC and Tpx in Edwardsiella bacteria (Wang et al. 2009a) . Our qRT-PCR results show that the expression of KatG, KatB, SodC and Tpx are markedly down-regulated by EsrB, and especially, Tpx is detected to be down-regulated by EsrB in our 2-DE gel results. Therefore, ROS resistance might be the result of a cooperative action by SodB and all the other ROS resistancerelated proteins that are regulated by EsrB at transcriptional level (katB, katG, sodC, tpx) or post-transcriptional levels (sodB) in E. piscicida EIB202 (Fig. 4) . Alternative sigma factor RpoS has been demonstrated to be essential for ROS resistance in E. piscicida (Xiao et al. 2009) , thus it will be interesting to further dissect the regulatory circuits of RpoS and EsrB on ROS-related gene expression and ROS resistance in the bacterium. Shaking the culture may cause the high level of dissolved oxygen, which lead to an increased ROS level (Zhang et al. 2016) . In this study, we show that the expression of esrB in static cultures is higher than that identified in cultures under shaking. In the other hand, the 2-DE gel, qRT-PCR and ROS resistance assays show that lack of EsrB leads to the over-expression of ROS-related genes. These data suggested that EsrB might be incorporated by E. piscicida to better cope with and respond to fluctuations in the ROS signals in the microenvironments. Interestingly, SsrB, an EsrB homolog, is also reported to be an important regulator of ROS resistance in Salmonella and SsrB upregulates the expression of the ROS resistance-related protein SodCI in the bacterium (Brown et al. 2014) , which is in contrast to the results obtained in this study. Therefore, the E. piscicida EsrB might have some unique functions compared with its homolog SsrB. Moreover, we found that the esrB mutant exhibits higher temporary intracellular survival rates compared to WT, which was previously considered to be due to the higher EthA levels in esrB (Wang et al. 2010) . Given that ROS are an important defense mechanism in macrophages against invading pathogens (Cheng et al. 2010; Gong et al. 2016) , the enhanced ROS resistance of esrB identified in this study can also be one of the reasons for the temporary higher infection potential and high survival rate in macrophages early post esrB mutant infection. Taken together, this study may suggest an important trade-off of triggered virulence expression and intracellular survival for this intracellular pathogen.
In summary, comparative proteomics analysis in this current work allowed the exploration of the EsrB-mediated regulatory processes, including cellular processes and signaling, information storage and processing, and ROS resistance. The importance of this study is that the new role EsrB plays in ROS resistance was identified for the first time in E. piscicida, which will facilitate the understanding of the pathogenesis of this bacterium.
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